The Krüppel homolog 1 gene (Kr-h1) has been proposed to play a key role in the repression of insect metamorphosis. Kr-h1 is assumed to be induced by juvenile hormone (JH) via a JH receptor, methoprene-tolerant (Met), but the mechanism of induction is unclear. To elucidate the molecular mechanism of Kr-h1 induction, we first cloned cDNAs encoding Kr-h1 (BmKr-h1) and Met (BmMet1 and BmMet2) homologs from Bombyx mori. In a B. mori cell line, BmKrh1 was rapidly induced by subnanomolar levels of natural JHs. Reporter assays identified a JH response element (kJHRE), comprising 141 nucleotides, located ∼2 kb upstream from the BmKr-h1 transcription start site. The core region of kJHRE (GGCCTCCACGTG) contains a canonical E-box sequence to which Met, a basic helix-loophelix Per-ARNT-Sim (bHLH-PAS) transcription factor, is likely to bind. In mammalian HEK293 cells, which lack an intrinsic JH receptor, ectopic expression of BmMet2 fused with Gal4DBD induced JHdependent activity of an upstream activation sequence reporter. Meanwhile, the kJHRE reporter was activated JH-dependently in HEK293 cells only when cotransfected with BmMet2 and BmSRC, another bHLH-PAS family member, suggesting that BmMet2 and BmSRC jointly interact with kJHRE. We also found that the interaction between BmMet2 and BmSRC is dependent on JH. Therefore, we propose the following hypothesis for the mechanism of JHmediated induction of BmKr-h1: BmMet2 accepts JH as a ligand, JH-liganded BmMet2 interacts with BmSRC, and the JH/BmMet2/ BmSRC complex activates BmKr-h1 by interacting with kJHRE.
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development | insecticide | steroid receptor coactivator J uvenile hormone (JH) regulates various aspects of development and physiology in insects including metamorphosis, reproduction, diapause, and polyphenism (1) (2) (3) . For controlling metamorphosis, JH works in close cooperation with molting hormone (ecdysteroids) to prevent larvae from precociously turning into adults (status quo action). Although the mode of action of ecdysteroids in metamorphosis is well understood at the molecular level (4, 5) , that of JH is largely unknown (6) .
Methoprene-tolerant (Met), a transcription factor of the basic helix-loop-helix Per-ARNT-Sim (bHLH-PAS) gene family, was identified in a Drosophila melanogaster mutant that showed resistance to toxic doses of JH or its analog methoprene (JHA) (7, 8) . Met showed high affinity for JH, and when fused to the yeast GAL4-DNA binding domain (GAL4DBD), it exhibited JH-dependent activation of an upstream activation sequence (UAS) reporter gene in Drosophila S2 cells (9) . In the red flour beetle, Tribolium castaneum, injection of Met dsRNA (TcMet) caused precocious metamorphosis, indicating that Met is involved in antimetamorphic JH signaling (10, 11) .
Proteins of the bHLH-PAS family often function in the form of homodimers or heterodimers (12, 13) . In D. melanogaster, the germ-cell expressed gene (gce), a bHLH-PAS family member, has high sequence identity to Met and works as a JH-sensitive binding partner of Met (14) . Further, Met and GCE have overlapping functions in the JH signaling pathway (15) and regulate caspase genes involved in programmed cell death during metamorphosis (16) . Moreover, Met and SRC (p160/SRC, a steroid receptor coactivator; also known as "FISC" or "Taiman") form a complex and directly activate the transcription of the early trypsin gene during reproduction of Aedes aegypti (17) . Recently, TcMet has been shown to sense the JH signal through direct, specific binding and to interact with SRC, thus establishing TcMet as a JH receptor (18) .
With regard to JH-inducible genes, the Krüppel homolog 1 gene (Kr-h1), a C 2 H 2 zinc-finger type transcription factor, was identified from D. melanogaster as a JH early-inducible gene (19) . We reported that the Kr-h1 homolog in T. castaneum (TcKr-h1) also is induced rapidly by JH, and knockdown of TcKrh1 causes precocious metamorphosis (20) , as is seen in the knockdown of TcMet (10, 11) . Moreover, an RNAi silencing analysis showed that TcKr-h1 works downstream of TcMet (20) . Taken together, the available information indicates that Kr-h1 may play a primary role in the repression of metamorphosis in close cooperation with Met.
In this study, we sought to clarify the molecular mechanism of JH-mediated induction of Kr-h1 in Bombyx mori. The promoter region of Kr-h1 of B. mori (BmKr-h1) was searched for a JH response element (JHRE) by using reporter assays in a B. mori cell line (NIAS-Bm-aff3). We found that the JHRE of BmKr-h1 (kJHRE) is distinct from previously reported JHREs in that it contains an E-box to which bHLH-PAS proteins could bind. Next, we searched for a transcription factor that interacts with kJHRE by using reporter assays in mammalian HEK293 cells, which are believed to lack JH signaling pathways. On the basis of our findings, we propose a transcriptional mechanism for the JHmediated induction of BmKr-h1.
Results
Structures of B. mori Kr-h1, Met, and SRC. cDNAs encoding two BmKr-h1 isoforms, BmKr-h1α (AB360766) and BmKr-h1β (AB642242), were identified in the full-length cDNA library prepared from the corpora allata-corpora cardiaca (CA-CC) complex of B. mori (Fig. S1A) . BmKr-h1α and BmKr-h1β had ORFs encoding proteins of 348 and 361 amino acid residues, respectively. The transcription start site of BmKr-h1β was located in the first intron of BmKr-h1α (Fig. S1A) . BmKr-h1α and BmKr-h1β each have eight putative zinc-finger domains, which shared high homology with those of Kr-h1 of other insect species (Fig. S1B) .
A tblastn search of the silkworm genomic database identified two Met homologs (BmMet1 and BmMet2) and an SRC homolog (BmSRC). The full-length cDNAs of BmMet1 (AB359911), BmMet2 (AB359912), and BmSRC (AB703620), obtained by RACE, encoded proteins with 514, 808, and 1,221 amino acid residues, respectively. BmMet1 had no introns, but BmMet2 had nine introns in positions similar to those of DmGCE and TcMet (Fig. S2 A and B) . Four domains, bHLH, PASA, PASB, and PAC, were well conserved among the Met homologs of the insect species examined (Fig. S2B ).
Developmental and Hormonal Regulation of BmKr-h1 in B. mori Larvae. The developmental expression profile of BmKr-h1 in the epidermis of B. mori larvae was determined by quantitative real-time PCR (qPCR) (Fig. 1 ). The analysis with isoform-specific primers revealed that BmKr-h1α is predominant in the larval epidermis (Fig. 1A Inset) . In the following experiments, we used primers that amplify both isomers unless otherwise mentioned. BmKr-h1 was constitutively expressed in third-and fourth-instar larvae, with some fluctuations, but its expression declined to a trace level at day 0 in the fifth instar and remained at this level until spinning. The expression pattern of BmKr-h1 showed a good correlation with the changes in the JH titer in the hemolymph of B. mori (21) , suggesting the involvement of JH in the regulation of BmKr-h1 expression during the larval stages. To test this notion, the CA, the primary organs for JH synthesis, were removed from fourth-instar larvae at day 0, and the expression of BmKr-h1 was monitored (Fig. 1B) . In allatectomized larvae, the BmKr-h1 transcript decreased prematurely to a trace level. In contrast, the transcript was maintained at a high level in allatectomized larvae treated with JHA (Fig. 1B) . These results clearly showed that the expression of BmKr-h1 was positively regulated by JH in B. mori larvae, as has been reported in other insect species (19, 20, 22, 23) .
Effects of JH and Its Analogs on BmKr-h1 Expression in B. mori Cells.
Next, we examined the effect of JH and related compounds on the expression of BmKr-h1 in NIAS-Bm-aff3 cells, which are derived from the fat body of B. mori (24, 25). The BmKr-h1 transcript was barely detectable before the JHA treatment; however, this level increased significantly within 0.5 h of treatment and was 3.8 × 10 5 -fold higher by 2 h after treatment (Fig.  1C) . The JHA treatment induced the expression of both BmKrh1α and BmKr-h1β (Fig. 1C) ; however, the expression level of BmKr-h1α was 30-fold higher, consistent with the level in the epidermis ( Fig. 1 A and C) . Dose-dependent increases in the BmKr-h1 transcript level were observed in cells treated with JH I, JH II, JH III, JHA, or methyl farnesoate (MF); the median effective concentrations (EC 50 ) were 1.6 × 10 −10 , 1.2 × 10 −10 , 2.6 × 10 −10 , 6.0 × 10
, and 1.1 × 10 −7 M, respectively (Fig. 1D ). Farnesoic acid (FA) was ineffective. The analysis clearly demonstrated that BmKr-h1 was responsive to subnanomolar levels of natural JHs of B. mori (i.e., JH I and JH II). Treatment with the protein synthesis inhibitor cycloheximide (CHX) had no significant effect on the level of the BmKr-h1 transcript (Fig. 1E) , indicating that the JH-dependent induction of BmKr-h1 was not mediated by de novo synthesized protein.
Identification of kJHRE in BmKr-h1. To account for the extremely high responsiveness of BmKr-h1 to JH in NIAS-Bm-aff3 cells, we searched for a JHRE in the promoter region of BmKr-h1 by using reporter assays. Because the expression of BmKr-h1β was marginal ( Fig. 1 A and C) , we focused on the promoter region of BmKr-h1α in this study. First, we tested several constructs carrying the upstream region of BmKr-h1 with a range of deletions (−4741 to +968, −4741 to +116, −2165 to +116, and −1978 to +116; Fig.  2A ). All constructs, except that carrying the shortest region (−1978 to +116), showed a 30-to 60-fold increase in luciferase reporter activity in the presence of JHA, suggesting that the JHRE lies between −2165 and −1978. Subsequent reporter assays of constructs carrying deletions of various lengths within this region showed that the region crucial for the response to JH is −2165 to −2025 (Fig. 2B) . Hereafter, this region is referred to as "kJHRE."
GTG, CAC, GAG, and CTC sequences appeared repeatedly in kJHRE (Fig. 2C) , suggesting that they might be important for the response to JH. To pinpoint nucleotide sequences within kJHRE indispensable for the JH response, we constructed reporter Fig. 1 . Regulation of BmKr-h1 expression by JH in B. mori larvae and NIASBm-aff3 cells. BmKr-h1 expression levels were determined by qPCR. Data represent means ± SD (n = 3 except in A, where n = 2). Means with the same letter are not significantly different (Tukey-Kramer test, P < 0.05). (A) Developmental expression profiles of BmKr-h1 in the epidermis. (Inset) Expression levels of BmKr-h1α and BmKr-h1β in fourth-instar larvae at day 0. Roman and Arabic numerals under the horizontal axis indicate the instar and days in the instar, respectively. HCS, head capsule slippage; SP, spinning. (B) Effects of allatectomy (CAX) and methoprene (JHA) treatment on BmKr-h1 expression. Fourth-instar larvae at day 0 were treated with either JHA (1 μg) or acetone (JHA−) 3 h after allatectomy. Twelve hours later the epidermis was dissected, and BmKr-h1 expression was measured. (C) NIAS-Bm-aff3 cells were treated with 10 μM JHA, and temporal changes in BmKr-h1 expression were monitored. (Inset) Expression levels of BmKr-h1α and BmKr-h1β in cells treated with JHA for 0 and 12 h. (D) NIAS-Bm-aff3 cells were treated with different concentrations of JH (JH I, JH II, and JH III), JHA, MF, or FA, and the relative expression levels of BmKr-h1 were determined after 2 h. (E) Untreated cells (Ctrl) or cells precultured in a medium with 50 μM CHX or solvent only (DMSO, 3% vol/vol) for 1 h were treated with 1 μM JHA or solvent for 2 h, and the relative expression levels of BmKr-h1 were determined.
plasmids with various mutations in the kJHRE sequence and examined their responses to JHA in reporter assays (Fig. S3) . The response to JHA decreased by more than sixfold when a mutation was introduced into −2105 CACAC, −2082 GTG, −2073 CACGTGT, −2101 CGCGCGC, −2086 CGCG, or −2076 CTC (Fig. S3 A and B) . In particular, the induction by JHA was abolished when −2076 CTC or −2073 CACGTGT was mutated ( Fig. S3 A and B) . Subsequently, mutations were introduced in the region from −2082 to −2065. Reporter activity was reduced drastically when the region from −2079 to −2068 (GGCCTCCACGTG) was changed (Fig. 2D ). This 12-bp sequence, which we refer to as the "kJHRE core region" (kJHREc), contained a palindromic canonical E-box sequence (CACGTG) (Fig. 2C) to which bHLH-PAS transcription factors have been shown to bind (26). Although kJHREc is indispensable for the response to JH, a reporter vector carrying three tandem copies of kJHREc did not show any response to JHA (Fig. 2E) ; therefore, the regions flanking kJHREc, −2165 to −2080 and −2067 to −2025, also are important for the response to JH (Fig. 2C ). These regions, however, contained no conserved sequence motifs that interact with transcription factors (Fig. 2C) .
With regard to the basal promoter region, when the reporter was placed under the regulation of the −2165 to −2025 and −49 to +116 sequence, it exhibited the same level of activity as when regulated by the −2165 to +116 sequence (Fig. 2B ). Because even a slight shortening of the −49 to +116 sequence decreased reporter activity (Fig. S4A) , this region was determined to be the optimal basal promoter. When this promoter was replaced by the promoter for actin or Hsp70 of B. mori (BmA3 or BmHSP70), reporter activity still was strongly induced by JHA (15-to 48-fold) (Fig. S4B ), indicating that a specific basal promoter is not essential for the JH responsiveness of kJHRE.
Conservation of Putative kJHREc in the Kr-h1 Promoters of Other Insect Species. Public genomic databases were screened for sequences with homology to kJHREc in the promoters of Kr-h1 of other insect species. Sequences with similarity to kJHREc were found in the 3-kb upstream region from the transcription or translation start sites of Kr-h1 in T. castaneum, Apis mellifera, Nasonia vitripennis, Acyrthosiphon pisum, and D. melanogaster (Fig. 3A) . All these sequences possessed the identical E-box sequence, but some differences were present in the 5′-half region of the putative kJHREc (Fig. 3B) . No conserved sequence other than the E-box sequence was found in the vicinity of kJHREclike sequences of other insect species.
Interactions of JH, BmMet2, BmSRC, and kJHRE in Mammalian Cells.
The function of BmMet2 in JH signaling was examined by onehybrid reporter assays in the HEK293 mammalian cell line. When the N terminus of BmMet2 was fused to Gal4DBD and expressed in HEK293 cells, the activity of the UAS reporter increased significantly in the presence of JHA (Fig. 4A) . No JHA-dependent increase in UAS reporter activity was observed in cells expressing BmMet1 or VP16AD (control) fused with Gal4DBD (Fig. 4A) . In addition to JHA, natural JHs and MF, but not FA, induced UAS reporter activity in a dose-dependent manner in HEK293 cells expressing BmMet2 fused with Gal4DBD (Fig. 4B) . The EC 50 values of JH I, JH II, JH III, Fig. 2 . Identification of kJHRE in BmKr-h1. Reporter assays with progressive deletion and mutation constructs were used to identify the JHRE. NIAS-Bm-aff3 cells were cotransfected with pGL4.14 reporter plasmids carrying the indicated promoter regions conjugated to firefly luciferase and a reference reporter plasmid carrying Renilla luciferase. The cells were treated with 10 μM methoprene (JHA) for 24 h, and reporter activities were measured by using the DualLuciferase reporter assay system. The activities of firefly luciferase were normalized against those of Renilla luciferase in the same samples. Data represent means ± SD (n = 3). Means with the same letter are not significantly different (Tukey-Kramer test, P < 0.05). Some data were analyzed using Student's t test (***P < 0.001; NS, P > 0.05). , and 8.8 × 10 −8 M, respectively (Fig. 4B ). To identify the transcription factors that interact with kJHRE in association with BmMet2, HEK293 cells were cotransfected with an expression vector carrying a candidate gene and kJHRE reporter vector carrying −2165 to −2025 and −49 to +116, and their response to JH I was evaluated in reporter assays. The reporter activity was stimulated weakly by JH in HEK293 cells expressing native BmMet2 alone (Fig. 4C) . However, the reporter carrying only the basal promoter also was stimulated by JH ( Fig. 4C) , suggesting that the activities induced in the presence of BmMet2 alone were not kJHRE specific. When BmSRC was coexpressed with BmMet2 in HEK293, strong JH-dependent and kJHRE-specific reporter activity (27-fold) was observed (Fig. 4C) . Meanwhile, coexpression of BmMet1, BmUSP, BmARNT, BmHIF-1α, or BmTimeless with BmMet2 did not increase the JH-dependent reporter activity from the level induced by BmMet2 alone (Fig. 4D) .
Subsequently, the interaction between BmMet2 and BmSRC was analyzed in detail by using two-hybrid reporter assays in HEK293 cells. The UAS reporter activity in cells expressing Gal4DBD-BmMet2 was stimulated by JHA, as shown in Fig. 4A , and coexpression of VP16AD-BmSRC increased the activity twofold (Fig. 4E) . A JHA-dependent increase in UAS reporter activity (667-fold) also was observed in HEK293 cells coexpressing an alternative set of fusion proteins, Gal4DBD-BmSRC and VP16AD-BmMet2, whereas no JH-dependent increase was observed in cells expressing VP16AD-BmMet2 alone (Fig. 4E ). These results demonstrate that the interaction of BmMet2 with BmSRC is JH dependent.
Discussion
Elucidation of JH signaling at the molecular level has been a challenge in insect physiology and developmental biology. Here, we provide evidence that BmKr-h1 possesses the properties of a primary mediator of JH signaling.
The developmental expression profile and the allatectomy experiment showed that BmKr-h1 was positively regulated by JH in B. mori larvae. The characteristic induction of BmKr-h1 by JH also was observed in NIAS-Bm-aff3 cells. BmKr-h1 expression in NIAS-Bm-aff3 cells was induced within 30 min of the initiation of JHA treatment, and the expression level approached the peak level by 1 h. Moreover, because inhibition of protein synthesis by CHX did not have a significant effect on the level of the BmKr-h1 transcript, transcription of BmKr-h1 likely represents a primary response to JH. Many JH-inducible genes, such as jhp21 (27), JH esterase (28, 29), calmodulin (30), vitellogenin (31), Epac (32), E75 (33), and others (34-37), have been reported. However, induction of BmKr-h1 occurred at considerably lower (subnanomolar) concentrations of natural JHs (EC 50 = 1.2-2.6 × 10 −10 M), compared with those of other JH-inducible genes (29, 32, 33). The JH titer in the hemolymph of third-and fourth-instar B. mori larvae is maintained between 1.45-11.6 ng/mL (4.9-39.4 × 10 −9 M) (21). The high sensitivity of BmKr-h1 to JH accounts for the expression of this gene at the nanomolar levels of endogenous JH during the early larval stages.
Because BmKr-h1 showed a rapid and extensive response to JH, the presence of a JHRE in the upstream and/or intronic regions of the gene was expected. We succeeded in identifying the −2165 to −2025 region as the kJHRE. Moreover, the results of mutation experiments indicated that the −2079 GGCCTCCACGTG sequence (kJHREc) was indispensable for the JH response. A JHRE also has been identified in jhp21 of Locusta migratoria (38), the JH esterase gene of Choristoneura fumiferana (39), the early trypsin gene of A. aegypti (17) , and several JH-inducible genes in A. mellifera and D. melanogaster (40). However, kJHREc was distinct from the previously reported JHREs in that it contained a palindromic canonical E-box sequence (CACGTG), to which bHLH transcription factors bind (26).
Ectopic expression of Gal4DBD-BmMet2 in HEK293 cells led to the induction of the UAS reporter by JH. Furthermore, the dose-response relationships of the tested compounds were comparable to those observed in the induction of the BmKr-h1 transcript in NIAS-Bm-aff3 cells. Given that JHs are insect-specific hormones (41), factors involved in the JH signaling pathway, including the JH receptor, are not likely to be present in mammalian cells. Therefore, it is a reasonable interpretation that BmMet2 accepts JH as a ligand and thereby gains the ability to increase transcription of a gene downstream of the interacting site. However, ectopic expression of native BmMet2 in HEK293 cells induced kJHRE reporter activity only weakly, and the induction was less sequence specific. This result suggested that additional cofactors, intrinsic to insect cells, also are required for the strict recognition or interaction of BmMet2 with the kJHRE sequence to induce strong JH-dependent activation of the downstream gene.
In this regard, interaction between Met and SRC is particularly intriguing, because RNAi silencing of Met and SRC in an A. aegypti cell line decreased the magnitude of induction of Kr-h1 by JH (42). Furthermore, specific binding of JH to the PASB domain of Tribolium Met induces dissociation of the Met-Met complex that forms in the absence of JH, and the JH-liganded Met specifically interacts with Tribolium Taiman (SRC) (18) . In the present study, we confirmed that ectopic coexpression of BmMet2 and BmSRC in HEK293 cells resulted in increased activity of the kJHRE reporter by JH and that the interaction between BmMet2 and BmSRC was caused by the presence of JH. Collectively, we propose the following mechanism of JHmediated induction of BmKr-h1: BmMet2 accepts JH as a ligand, JH-liganded BmMet2 interacts with BmSRC, and the JH/ BmMet2/BmSRC complex activates BmKr-h1 by interacting with kJHRE ( Fig. 4F ). At present, however, the proposed mechanism remains hypothetical, because we have not demonstrated the binding of BmMet2/BmSRC complex to kJHRE.
Regarding the involvement of factors other than SRC in the specific induction of Kr-h1, coexpression of BmMet2 with several proteins that were considered as possible JH receptors or cofactors (i.e., BmMet1, BmUSP, BmARNT, BmHIF-1α, and BmTimeless) did not increase the JH-dependent reporter activity significantly in HEK293 cells. However, this result does not exclude the involvement of these or other unknown factors in the JH/BmMet2/ SRC-mediated induction of Kr-h1. The complete picture of the complex that binds to kJHRE remains to be elucidated (Fig. 4F ).
In conclusion, we have identified a JHRE in BmKr-h1 (kJHRE) and proposed a transcriptional mechanism of JH-mediated induction of BmKr-h1 that involves at least BmMet2, BmSRC, and kJHRE. Because kJHREc and Met/SRC are conserved in other insect species, this mechanism seems to be common in insects. Reporter assays using kJHRE and/or BmMet2 provide a sensitive and efficient screening system for JH agonists and antagonists and may be useful for generating data to develop biorational insecticides (41).
Materials and Methods
A detailed description of the materials and methods used in this study is provided in SI Materials and Methods.
cDNA Cloning. A full-length cDNA library, constructed from the CA-CC complex of B. mori, was searched for the B. mori homologs of Kr-h1, Met, and SRC. This screen identified full-length cDNAs encoding two isoforms of BmKr-h1. Because the Met and SRC homologs were not found in this library, the whole-genome database for B. mori was searched using the tblastn program (http://kaikoblast.dna.affrc.go.jp/) with the sequences of T. castaneum Met and SRC as the query. Two genomic sequences, BmMet1 and BmMet2, encoding predicted proteins with homology to T. castaneum Met, were identified. Similarly, one genomic sequence encoding an SRC homolog (BmSRC) was identified. The full-length cDNA sequences of BmMet1, BmMet2, and BmSRC were obtained by RT-PCR and RACE using primers listed in Table S1 , and the full ORFs were subcloned into the pGEM-T Easy plasmid (Promega).
Expression Analysis of BmKr-h1 in B. mori Cells. To examine temporal changes in the expression of BmKr-h1, 1 × 10 5 NIAS-Bm-aff3 cells were seeded in 1 mL IPL-41 medium (Gibco, Invitrogen) containing 10% (vol/vol) FBS (Cell Culture Technologies) in a glass culture tube (12 × 75 mm) (Iwaki) coated with polyethylene glycol 20,000 (PEG) (Wako) and were incubated for 3 d before JHA treatment. The medium then was replaced with fresh medium containing 10 μM JHA, and the cells were cultured for 30 min to 24 h before collection for RNA extraction.
To examine the dose-response relationship, 1.5 × 10 5 cells in 200 μL medium were seeded into wells of a 96-well plate coated with PEG and were incubated for 24 h before JH treatment. The medium was replaced with fresh medium containing JH (JH I, JH II, or JH III), JHA, or a related compound (FA or MF) and incubated for 2 h at 25°C before harvesting for RNA extraction. The role of protein synthesis in the induction of BmKr-h1 by JH was examined by using CHX. First, 1.5 × 10 5 cells were seeded into wells of a 96-well plate for 24 h and were precultured in 100 μL medium with 50 μM CHX or solvent (DMSO) for 1 h. Then fresh medium containing 2 μM JHA (100 μL) was added (final concentration of JHA, 1 μM), and the cells were incubated for 2 h at 25°C before collection for RNA extraction.
Quantitative Real-Time PCR. Quantitative real-time PCR (qPCR) analysis was performed essentially as described previously (43). The primers used for qPCR are listed in Table S2 . Fig. 4 . Functional analysis of BmMet2 and kJHRE in mammalian HEK293 cells. HEK293 cells were treated as described below, and reporter activity was examined by using the Dual-Luciferase reporter assay system. Data represent means ± SD (n = 3). Means with the same letter are not significantly different (Tukey-Kramer test, P < 0.05). Some data were analyzed using Student's t test (***P < 0.001; NS, P > 0.05). (A) Cells were cotransfected with a UAS reporter plasmid carrying firefly luciferase, a reference reporter plasmid (pRL-TK) carrying Renilla luciferase, and an expression plasmid carrying GAL4DBD fused with BmMet1, BmMet2, or VP16AD and were treated with 10 μM methoprene (JHA) for 24 h. Construction of Reporter Plasmids. The 5′-flanking and first intron regions of BmKr-h1 were amplified from B. mori genomic DNA by PCR and subcloned into the pGL4.14 luciferase reporter plasmid (Promega). Reporter plasmids carrying deleted and mutated 5′-flanking regions of BmKr-h1 were constructed from the pGL4.14_−4741/+116 and pGL4.14_−2165/+116 plasmids, respectively, by inverse PCR. Reporter plasmids carrying deleted basal BmKrh1-promoter regions, the BmA3 promoter, the Bmhsp70 promoter, or 3× kJHREc were constructed by modifying the pGL4.14_−2165/+116 & −49/ +116 plasmid. The primers used for the construction of the reporter plasmids are listed in Tables S3 and S4 .
Construction of Expression Plasmids. Plasmids for expressing BmMet1, BmMet2, BmSRC, VP16 fused with GAL4DBD, and VP16AD in HEK293 cells were constructed with the pBIND or pACT vector (Promega). Plasmids for expressing native BmMet2 and BmSRC in HEK293 cells were constructed by deleting GAL4DBD from the pBIND_GAL4DBD_BmMet2 plasmid and pBIND_GAL4DBD_BmSRC by inverse PCR. Plasmids for expressing native BmMet1, BmUSP, BmARNT, BmHIF-1α, and BmTimeless were constructed using the Gateway system (Invitrogen). The full ORFs of these cDNAs were amplified by PCR and subcloned into the pcDNA3.2/ V5-DEST vector (Invitrogen). The primers used for the construction of the expression plasmids are listed in Table S1 . (Table S1) . Fragments of these genes were amplified by PCR using first-strand cDNAs prepared from the prothoracic glands or epidermis of B. mori larvae and the RTPCR_FW and RTPCR_RV primers (Table  S1 ). Their 5′-and 3′-end sequences were obtained by 5′ RACE and 3′ RACE with the 5′ RACE and 3′ RACE primers (Table S1) , respectively, using a SMART RACE cDNA amplification kit (Clontech) and GeneRacer kit (Invitrogen). The full-length cDNA sequences of these genes then were obtained by combining the sequence data from the RT-PCR and RACE analyses. Their full ORFs were amplified by PCR from the cDNAs using the ORF_F and ORF_R primers (Table S1 ), subcloned into the pGEM-T Easy vector (Promega), and sequenced.
Chemicals. Juvenile hormones (JH) JH I and JH II were purchased from SciTech, and JH III was from Sigma-Aldrich. Methoprene (juvenile hormone analog [JHA]) was obtained from SDS Biotech, and farnesoic acid and methyl farnesoate were from Echelon Biosciences. Aliquots of stock methanol solutions of these compounds were dried under a stream of nitrogen and dissolved in the culture medium by sonication. Cycloheximide was obtained from Sigma-Aldrich and dissolved in DMSO before use.
Quantitative Real-Time PCR. Quantitative real-time PCR (qPCR) analysis was performed essentially as described previously (1). Total RNA was extracted from B. mori tissues or cells by using an RNeasy Plus mini kit (Qiagen) and was used to synthesize cDNAs with a PrimeScript RT reagent kit (Takara Bio). The primers designed to amplify both isoforms of the promoter region of B. mori Krüppel homolog 1 gene (BmKr-h1) are shown in Table S2 . BmRp49 was used as the internal reference (Table S2 ). The reaction was carried out in a 10-μL reaction volume containing template cDNA derived from 1 ng of total RNA, SYBR Premix Ex Taq (Takara Bio), and 0.2 μM of each primer by using a LightCycler 480 real-time thermal cycler (Roche). The PCR conditions were 95°C for 5 min and 55 cycles of 95°C for 5 s and 60°C for 20 s. The relative molarities of the gene transcripts were calculated by a crossing-point analysis using standard curves generated from a plasmid containing a fragment of each gene. The expression levels of BmKr-h1α, BmKr-h1β, and BmKrh1 were normalized against those of BmRp49.
Developmental Expression Profile of BmKr-h1 in B. mori Larvae.
B. mori larvae (Kinsyu × Showa strain) were reared at 25°C under 12 h light/dark conditions. Larvae were sampled from day 0 of the third instar to day 6 of the fifth instar, and the epidermis of each larva was dissected. The level of BmKr-h1 expression in the epidermis was measured by qPCR.
Allatectomy and JHA Treatment. Corpora allata were removed, using fine forceps under a microscope, from B. mori larvae (Kinsyu × Showa strain) at day 0 of the fourth instar, and the larvae were allowed to recover for 3 h. Two microliters of an acetone solution of JHA (0.5 μg/μL) or 2 μL of acetone only was applied topically to the dorsal abdomen of the allatectomized larvae. After 12 h, the epidermis of each larva was dissected, and the level of BmKr-h1 expression in the epidermis was measured by qPCR.
Cell Culture. The NIAS-Bm-aff3 cell line, derived from the fat body of B. mori (2, 3), was maintained at 25°C in IPL-41 medium (Gibco, Invitrogen) containing 10% (vol/vol) FBS (Cell Culture Technologies). The HEK293 cell line was maintained at 37°C in a 5% CO 2 atmosphere in minimum essential medium eagle (Sigma-Aldrich) supplemented with 10% FBS and nonessential amino acids (Gibco, Invitrogen).
Construction of Reporter Plasmids. Genomic DNA was extracted from a silkworm of the Daizo p50 strain using a conventional method (4). The 5′-flanking and first intron regions (−4741 to +968 or −4741 to +116) of BmKr-h1 were amplified from the genomic DNA by using KOD FX DNA polymerase (Toyobo) with a forward primer containing attB1 and Kozak sequences (BmKrh1Pro_F) and a reverse primer containing an attB2 sequence (BmKrh1_Pro_R1 or BmKrh1_Pro_R2) ( Table S3 ). The amplified PCR products were inserted into a pGL4.14 luciferase reporter plasmid (Promega) modified for the Gateway system according to the supplier's instructions (Invitrogen). A KOD Plus mutagenesis kit (Toyobo) was used for the construction of modified reporter plasmids. Reporter plasmids carrying deleted BmKr-h1 5′-flanking regions were constructed from plasmid pGL4.14_−4741/+116 by inverse PCR with the appropriate BmKrh1_ProiPCR primer sets (Table S3) . Reporter plasmids carrying deleted BmKr-h1 basal promoter regions and 3× core region of the JH response element (JHRE) of BmKr-h1 (kJHREc) were constructed from plasmid pGL4.14_−2165/ +116 and −49/+116 by inverse PCR with the appropriate BmKrh1_ProiPCR primer sets (Table S3 ). For the construction of reporter plasmids carrying the BmA3 or Bmhsp70 promoter, the basal promoter region of BmKr-h1 (−49 to +116) was removed from plasmid pGL4.14_−2165/+116 & −49/+116 by inverse PCR with the BmKrh1_ProiPCR_F13 and BmKrh1_ ProiPCR_R24 primers. The amplified fragment was ligated with the BmA3 or BmhspP70 promoter DNA that was amplified by PCR from the plasmid pBacA3GAL4/3×P3DsRed or pBacMCS hsp7GAL4/3×P3DsRed (5) with the appropriate primer sets (Table S3) . Reporter plasmids carrying mutated BmKr-h1 5′-flanking regions were constructed from plasmid pGL4.14_ −2165/+116 by inverse PCR with the appropriate BmKrh1_ ProiPCR primer sets (Table S4) .
Construction of Expression Plasmids. To construct plasmids expressing the GAL4 DNA-binding domain (GAL4DBD) or VP16 activation domain (VP16AD) fused to the N terminus of BmMet1, BmMet2, or BmSRC in HEK293 cells, the full ORFs of the cDNAs were amplified by PCR from plasmids pGEMT_ BmMet1, pGEMT_BmMet2, and pGEMT_BmSRC, respectively, by using the appropriate pBIND primers and pACT primers (Table S1 ). The amplified fragments were ligated into BamHI-and MluI-digested pBIND plasmids (Promega). A plasmid expressing GAL4DBD fused to the N terminus of VP16AD was constructed similarly (Table S1 ). To construct plasmids expressing native BmMet2 and BmSRC in HEK293 cells, GAL4DBD was deleted from plasmids pBIND_BmMet2 and pBIND_BmSRC by inverse PCR with the pBINDiPCR primers (Table S1 ). Plasmids for expressing BmUSP, BmARNT, BmHIF-1α, or BmTimeless in HEK293 cells were constructed as follows. The full ORFs of these cDNAs were amplified by PCR from full-length cDNA clones using the appropriate GW_FW primers containing attB1 and Kozak sequences and GW_RV primers containing an attB2 sequence (Table S1 ). The amplified fragments were inserted into the pDONR 221 plasmid (Invitrogen) and then into the pcDNA3.2/V5-DEST vector (Invitrogen).
Analysis of JHRE in Kr-h1 Homologs of Other Insect Species. Genomic databases of Tribolium castaneum, Apis mellifera, Nasonia vitripennis, Acyrthosiphon pisum, and Drosophila melanogaster were searched for Kr-h1 homologs with the tblastn program (http:// blast.ncbi.nlm.nih.gov/) by using the BmKr-h1 sequence as the query (GenBank accession no. BAJ05087). The sequences of the start sites of transcription or translation in Kr-h1 were used to identify putative kJHREc sequences from 5′-flanking regions. 
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BmMet1
BmMet2 DmMet DmGCE TcMet 344 385 449 315 306 Fig. S4 . Analysis of the basal promoter region of BmKr-h1. NIAS-Bm-aff3 cells were cotransfected with the indicated reporter plasmids and a reference reporter plasmid and were treated with 10 μM JHA for 24 h. Reporter activity was measured using the Dual-Luciferase reporter assay system. Data represent means ± SD (n = 3). Means with the same letter are not significantly different (Tukey-Kramer test, P < 0.05). Some data were analyzed by the Student's t test (**P < 0.01, ***P < 0.001). (A) In the kJHRE reporter (−2165 to −2025 and −49 to +116, pGL4.14), the basal promoter region (−49 to +116) was truncated. (B) In the kJHRE reporter, the basal promoter region was exchanged with the basal promoter region of BmA3 (GenBank accession no. AF422795, +50 to +138) and BmHsp70 (GenBank accession no. AB035326, −162 to +11). Table S1 . List of primers used for cDNA cloning and construction of expression plasmids 
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BmKr-h1
BmKrh1_qRT-PCR_FW ACCCATACTGGCGAGCGACCAT BmKrh1_qRT-PCR_RV CCTCTCCTTTGTGTGAATACGACGG BmKr-h1α
BmKrh1α_qRT-PCR_FW CACAACCTACGCCAACATTAGAAACG BmKrh1α_qRT-PCR_RV ACTGATGAACTCGCTCCTCGTCAC BmKr-h1β
BmKrh1β_qRT-PCR_FW GAAACAATTTCGTTCTTCAGGTGACG BmKrh1β_qRT-PCR_RV TCGTGCGTGTGCTGTAAGCG BmRp49
BmRp49_qRT-PCR_FW CAGGCGGTTCAAGGGTCAATAC BmRp49_qRT-PCR_RV TGCTGGGCTCTTTCCACGA Table S3 . List of primers, methods, and templates used for construction of reporter plasmids Table S4 . List of primers used for construction of mutated reporter plasmids 
